Feline leukemia virus (FeLV) was originally categorized into three subgroups (FeLV-A, -B, and -C) on the basis of superinfection interference analyses (46, 47) . FeLV-A infects most feline cell types, but it is poorly infectious for cells from other species; FeLV-B and -C infect a wide range of nonfeline cell types, although the host cell specificities of FeLV-B and FeLV-C are distinct (16, 46, 48) . In addition, T-cell-tropic FeLVs (FeLV-T) have been identified, and these viruses have unique interference properties (30) . From these interference and tropism studies, it has been inferred that FeLV-A, -B, -C, and -T each use distinct cellular receptor molecules to initiate infection of the host cell. FeLV-Bs have been shown to use Pit1 (59) , which encodes a multiple membrane-spanning phosphate transporter, as a receptor (19, 20, 33, 34, 59) . FeLV-T also uses Pit1 for infection, but this class of FeLVs require a cofactor, termed FeLIX, in addition to Pit1 (2) . The receptor for FeLV-C has recently been identified, and it is also predicted to encode a multiple membrane-spanning protein with homology to the major facilitator superfamily of proteins (41, 58) . The receptor for FeLV-A has not yet been defined.
FeLV-A is found in all infected cats, and it is thought to be the transmissible form of FeLV (14, 15, 17) . In contrast, FeLV-B is found with FeLV-A in some but not all chronically infected cats, and it is very poorly transmitted even at high doses (17, 18, 40) . Both FeLV-B and FeLV-T have been shown to evolve directly from FeLV-A in infected cats (5, 8, 37, 39, 42, 44, 50) . It is possible that these viruses may have a selective advantage for replication once they emerge in an FeLV-Ainfected cat because they can circumvent viral interference against the progenitor FeLV-A. In addition, such viruses may also infect an entirely new population of cells that do not express the FeLV-A receptor but do express Pit1.
Subgroup B FeLVs evolve by recombination with portions of endogenous FeLV-like envelope sequences, which have a high degree (Ϸ80%) of homology to FeLV-A (5, 11, 36, (52) (53) (54) . There are multiple copies of FeLV-related endogenous sequences (enFeLV) in the feline genome, which are transcribed and translated but do not generate infectious virus (3, 22, 27) . Because RNA is expressed from enFeLV sequences, enFeLV sequences can recombine with the related infectious viral genome when the two are copackaged. When feline cells are infected with FeLV-A, two major recombinant forms evolve: one in the which the surface unit (SU) of the extracellular envelope glycoprotein is encoded almost entirely by endogenous FeLV sequences, and one in which the N-terminal half encompassing the putative receptor-binding domain (RBD) is encoded by endogenous FeLV sequences, but portions of the C-terminal half are derived from the original FeLV-A parent virus (36) .
An FeLV-B in which almost all of the SU coding sequences were acquired from enFeLV was derived from a cat infected with FeLV-A (5). This variant (FeLV-B-90Z) was shown to enter cells using human Pit1 (HuPit1) but not human Pit2 (HuPit2 [4] ). Pit2, which is a related phosphate transporter protein that has Ϸ60% homology with Pit1, functions as the receptor for amphotropic murine leukemia virus (MuLV) (29, 61) . When chimeric envelope genes were engineered between FeLV-B-90Z and FeLV-A sequences, some chimeric envelope protein had acquired the ability to recognize HuPit2 as well as HuPit1 as a receptor (4) . This suggested that some recombination events that lead to the genesis of FeLV-Bs might facilitate the evolution of viruses with dual Pit1 and Pit2 receptor specificity.
Studies of FeLV-B receptor specificity performed to date have taken advantage of clones of the Pit molecules isolated from nonfeline species. Thus, it is unknown whether any FeLV-Bs can infect cells using feline Pit2. In this study, we cloned the feline Pit cDNAs and examined their ability to function as receptors for a variety of FeLV-B chimeras and mutants. We found that an FeLV-B that had evolved in an FeLV-A-infected cat had acquired dual receptor specificity for both feline Pit1 (FePit1) and feline Pit2 (FePit2). Although this virus could not enter cells using HuPit2, it efficiently infected cells expressing FePit2. A virus that evolved from FeLV-A in feline cells in culture was also shown to use FePit2. This virus recognized FePit2 less efficiently than FePit1. A mutation in the first variable region (VRA) of the envelope was shown to be important in determining whether FeLV-Bs can infect cells as efficiently using FePit2 as using FePit1.
MATERIALS AND METHODS
Cloning of feline Pit proteins. The FePit2 cDNA was amplified by reverse transcription (RT)-PCR from total RNA that was prepared from a feline fibroblast cell line (AH927) using the Qiagen RNeasy kit. First-strand cDNA synthesis was performed using SuperScriptII RT and RNase H as recommended in a protocol supplied by the manufacturer (Gibco Life Technologies). The cDNA was then used as the template for PCR using various combinations of primers designed to known Pit2 sequences, including those from rat (29) , hamster (E36 [62] and CHO-K1 [7] ), and human (12) . The primer set that resulted in product of the predicted size (Ϸ2 kb) included a 5Ј primer that was designed to correspond to the rat Pit2 start codon (5Ј-ATGGCCATCGATGGGTATCTGTGGA TGGTC, where the start codon is italic) and a 3Ј primer that corresponds to sequences spanning the stop codon of human Pit 2 (5Ј-TCACACATATGGAA GGATCCCATAC, where the stop codon is italic). PCR was performed using 0.5 l of the TaqPlus Precision PCR System (Stratagene), along with 0.125 mM each of the deoxynucleoside triphosphates and 2 ng of each primer in a 50-l reaction. The Ϸ2-kb PCR product was separated by gel electrophoresis through agarose, purified from the gel matrix using standard methods (Qiaex II; Qiagen), and introduced into the pCR2.1-TOPO vector (Invitrogen). The FePit2 cDNA was then subcloned into the pLXSN retroviral vector (28) following digestion of both plasmids with EcoRI, resulting in the construct pL(FePit2)SN.
FePit1 was isolated from a feline T-cell (3201) cDNA Lambda ZAP-express library using a Pit-specific probe. The sequence of the FePit1 clone was found to be identical to that of the FePit1 clone described previously (45) . Excision of the FePit1 lambda clone created a phagemid in the pBK vector. FePit1 was then introduced into the retroviral vector pLXSN by first linearizing FePit1-pBK using a SacI site in the pBK vector and then modifying the digested DNA with the Klenow fragment to create blunt ends. The linear DNA was digested to use an XhoI site in pBK, and a 3.4-kb fragment was purified from an agarose gel. This FePit1 fragment was ligated to pLXSN that had been digested with both XhoI and HpaI to produce pL(FePit1)SN.
Cell lines. All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 U of penicillin per ml, 100 g of streptomycin per ml, 0.25 mg of amphotericin fungicide per ml, and 2 mM L-glutamine (complete DMEM). MDTF (24) , MDTF-HuPit1 (62), and MDTF-HuPit2 (10) cells have been described previously.
FePit1 and FePit2 were introduced into MDTF cells by transduction. For this purpose, viral particles packaging L(FePit1)SN or L(FePit2)SN were generated in 293T cells using transient transfection (CaPO 4 ; Stratagene). Three plasmids were transfected into 293T cells: 10 g of amphotropic MuLV envelope (SV-A-MLV-env [23] ), 10 g of a construct encoding FeLV gag and pol (61E-LTR⌬⌿gag-pol [55] ), and 10 g of either pL(FePit1)SN or pL(FePit2)SN. The following day the cells were washed three times in 5 ml of phosphate-buffered saline (PBS) and fed with 7 ml of fresh complete DMEM. Two days posttransfection, supernatant was collected and filtered through a 0.22-m filter, and 1 to 2 ml was used to infect MDTF cells that had been seeded the day before at 2 ϫ 10 5 cells per 10-cm dish. At the time of infection, 4 g of Polybrene per ml was included, and the final volume was adjusted to 10 ml of medium. The following day the cultures were placed under G418 selection by the addition of 0.6 mg of geneticin per ml (Gibco-BRL) to the medium. Selection continued for approximately 10 days, during which time the medium was replaced every 2 to 3 days. The MDTF-FePit cell lines used here represent pools of G418-resistant cell clones.
Viruses. Viruses bearing different envelope proteins were generated as described previously, as were several of the FeLV-B envelope expression constructs and packaging system used in this study, which include plasmids expressing FeLV-B: 90Z, 90Z RBD , GA, GA RBD , and GA RBD-73Q3R envelopes (55) . The FeLV-B-90Z VRA and envelope construct was made by the same method using the XhoI and AocI cloning sites in EE(Z2)E (4), such that they contain the complete envelope-open reading frame (ORF) downstream of the cytomegalovirus (CMV) promoter. A plasmid expressing envelope of the SEATO molecular clone of the gibbon ape leukemia virus (GALV-SEATO) has been described previously by Eiden et al. (CIGASenv [60] ). Viral particles were made by cotransfecting 293T cells with 10 g of 61E-LTR-⌬⌿gag-pol and 10 g of FeLV-B or GALV envelope expression plasmids, all of which lack packaging sequences. An MuLV-derived retroviral vector genome that contains a packaging signal and expresses ␤-galactosidase (pRT43.2Tnls␤gal-1 [60] ) was contransfected with the gag-pol and envelope constructs to produce FeLV particles carrying this reporter viral vector genome. The day following transfection, the cells were gently washed three times in PBS, and then 7 ml of complete DMEM was added. The next day, viral supernatant was collected and filtered though a 0.22-m filter, aliquoted, and stored at Ϫ70°C. To examine the infectivity of these particles in a single cycle of infection, recipient cells were seeded onto 24-well dishes at 2 ϫ 10 4 cells per well. The following day, dilutions of viral supernatants were applied in a 1-ml total volume in the presence of 4 g of Polybrene per ml.. Approximately 48 h following infection, cells were stained for ␤-galactosidase activity, and foci of infected cells were scored by visual inspection as described previously (21) .
Analyses of FeLV-B variants that arise in infected cells in culture. The cells from which recombinant FeLV-B variants were isolated were described previously (36) . These cells represent feline fibroblast cells that were transfected with a plasmid encoding the FeLV-A-61E proviral genome. In multiple independent transfections, recombinant FeLV-B-like genomes had been detected in feline fibroblast cells (36) . Cell-free viral supernatants were collected from a confluent culture of these cell cultures and filtered through a 0.22-m filter, and then 2 ml was used to infect either MDTF-FePit1, MDTF-FePit2, or MDTF cells that had been seeded the previous day at 2 ϫ 10 5 per 6-cm dish. These cells were passaged for 10 days and tested for production of FeLV p27 gag by enzyme-linked immunosorbent assay (Synbiotics). Cell lines that were positive for FeLV p27 gag were lysed (31) , and FeLV envelope sequences were amplified with TaqPlus Precision PCR System (Stratagene) using primers and methods described elsewhere (FeLV-pol-1, FeLV-U32-B [43] ). A 2.4-kb band was gel purified and cloned into the pcDNA3.1/V5/His vector (Invitrogen), which includes a CMV promoter upstream of the cloning site. Viruses containing these recombinant envelopes were generated as described above by contransfecting 293T cells with the envelope clone, 61E-LTR-⌬⌿gag-pol, and the MuLV-based vector genome encoding ␤-galactosidase.
RESULTS
Comparison of feline and human Pit sequences. The sequence of FePit1 was first reported by Rudra-Ganguly et al. (45) , and this sequence was shown to be 93% identical to HuPit1 at the amino acid level. The clone used in the studies described here was identical in sequence to this previously published FePit1 cDNA. FePit2 (GenBank AF394194), which has not been described previously, showed at the amino acid level approximately 53% identity with FePit1 (data not shown) and 93.7% identity with the HuPit2 protein (Fig. 1) . Many of the differences between FePit2 and HuPit2 were within the region that is thought to form a large intracellular domain between the third and fourth extracellular loops (9, 19, 61) . Sequences predicted to form the first, second, and fifth extracellular domains were identical between the feline and human proteins. There was a conservative amino acid difference in the predicted extracellular loop three. In loop four, which has been shown to be a critical domain for GALV and FeLV-B interactions (10, 38, 57) , there were three differences between the feline and human Pit2 proteins. The most notable difference in FePit2 is a glutamic acid at position 522, where there is a lysine in HuPit2, because this residue has been shown be important for GALV-Pit interactions (6, 10) . Specifically, the presence of an uncharged or negatively charged residue at this position has been shown to be important for GALV infections.
FeLV-B can efficiently infect cells using FePit2. We previously showed that FeLV-B variants differ in their ability to use the HuPit2 protein as a receptor (4, 55) . Using a panel of chimeric envelope proteins, we showed that HuPit2 receptor specificity is determined by sequences in the RBD as well as by C-terminal sequences in SU (4, 55) . This collection of constructs, which encode SU proteins that differ in the RBD and/or the C-terminal domain, were used to generate viruses that were otherwise identical in containing FeLV-A Gag, polymerase, and envelope transmembrane proteins. We used FeLV-A as the source for the structural and enzymatic proteins because FeLV-B evolves from FeLV-A and differs from it primarily in the sequences encoding SU (36) . Each of the viruses with the FeLV-B SU infected cells using FePit1, similar to what has been observed for HuPit1 (4, 55) (Fig. 2 and data not shown). Infectious titers of Ϸ10 6 /ml were observed when the FeLV-Bs were used to infect MDTF cells engineered to express FePit1 (see Fig. 2 , 4, and 6), whereas these viruses did not infect the parental MDTF cell line (data not shown). Surprisingly, we found that the FePit2 receptor allowed at least some infection by all of the FeLV-B variants and chimeras tested, including viruses that could not infect cells using HuPit2. For example, the FeLV-B variant 90Z cannot infect cells using HuPit2 (4) (Fig. 2 ), yet this virus can infect cells expressing FePit2 and FePit1 with high efficiency. The Gardner-Arnstein (FeLV-B-GA [32] ) variant also cannot use HuPit2 as a receptor (55) (Fig. 2) , but it could infect MDTF cells expressing FePit2, albeit at Ϸ100-fold-reduced efficiency relative to FePit1. We also examined an engineered mutant of FeLV-B-GA SU, which encodes a glutamine-to-arginine change at position 73 in VRA. This change confers on the virus the ability to bind to HuPit2 cells, although with low efficiency, and also infect cells using HuPit2 at a level about 20-fold lower than infection levels of HuPit1-expressing cells (55) . This virus, FeLV-B-GA RBD-73Q3R , was able to efficiently utilize the FePit2 receptor for entry (Fig. 2) .
FeLV-B VRA has been shown to be both necessary and sufficient to determine infection of cells using Pit1 when placed in a background of FeLV-A (4), although not when it is placed in the context of murine leukemia virus (56) . A virus with an SU that includes just VRA of FeLV-B-90Z, including an arginine at position 73 [FeLV-B-90Z VRA; called EE(Z2)E in reference 4] with the remainder being of FeLV-A origin, infected cells using FePit2 Ϸ20 less efficiently than it infected cells using FePit1 (Fig. 2) . This virus infected cells expressing FePit2 about 10,000 times better than cells expressing HuPit2. Collectively, our data suggest that the VRA region, particularly an arginine at position 73 in VRA, of the RBD is important for FeLV binding to FePit2. Other domains in the RBD of SU are also important for interaction with the FePit2 receptor, but sequences in the C terminus of SU that affect HuPit2 receptor specificity do not impair FePit2 recognition. This is demonstrated by FeLV-B-90Z, which can readily infect cells via FePit2 but not HuPit2 (Fig. 2) . Thus, the FePit2 receptor may Because there were dramatic differences in the ability of some FeLV-B envelopes to infect cells using FePit1 and FePit2, we asked whether these variations reflected differences in viral binding to these receptors. In order to generate supernatants containing FeLV SUs for use in binding studies, we used constructs to express the FeLV SUs that encoded the signal peptide but lacked the last 10 C-terminal amino acids of SU and the entire TM domain. These SUs, which had a C-terminal hemagglutinin (HA) epitope tag (25) were secreted from the cell. All of the FeLV-B SUs studied here, including the chimera with the FeLV-B VRA in a background of FeLV-A SU, bound to MDTF-FePit1 cells with relatively the same efficiency (Fig. 3A and B) . The levels of SU in the cell supernatants used for binding were approximately 10-fold lower for the FeLV-B-90Z VRA SU (Fig.  3G) , and so we also performed binding studies with 10-fold less FeLV-B-90Z RBD supernatant than FeLV-B-90Z VRA SUs . We observed a similar shift in fluorescence for these two proteins (Fig. 3C) , suggesting that the VRA from FeLV-B SU is suffi-
FIG. 2. Infection of cells expressing Pit1 or Pit2 by viruses pseudotyped with various FeLV-B SUs. (A) Single-cycle infection assay that results
in the transduction of a vector genome encoding ␤-galactosidase. The x axis indicates the envelope-SU of the infecting pseudotyped virus, and the y axis indicates the focus-forming units (FFU) per milliliter of viral supernatant as determined by ␤-galactosidase activity in a log scale. Within the graph, the shading of the bar depicts the target cells for infection. As shown in the key at the top of the graph, solid black bars, white bars, and gray bars indicate MDTF-FePit1s, MDTF-FePit2s, and MDTF-HuPit2s, respectively. Naive MDTF cells were also exposed to virus in parallel, and no background was observed (55) (data not shown), except in the case of FeLV-B-90Z RBD , which gave an average of 20 FFU/ml in five replicate experiments using the same virus stocks. MDTFs expressing HuPit1 were also infected in parallel, and the results were always similar to those obtained with MDTF-FePit1 cells (55) (data not shown). (B) Schematic of the chimeric FeLV envelope-SUs tested in panel A. The small black boxes show the relative positions of the VRA, VRB, and PRR regions in the SU. The schematic depicting the RBD constructs (GA RBD , GA RBD-73Q3R and 90Z RBD ) illustrates that these pseudotyped viral SUs contain regions derived from FeLV-B (in black) that include the VRA and VRB regions, while the rest of the SU, including the PRR, is supplied by FeLV-A (in white). In the VRA construct, only the VRA region is derived from FeLV-B, while the remainder of the SU is FeLV-A derived.
FIG. 3. Binding of FeLV-B SU to MDTF cells expressing either FePit1 or FePit2
. Panels A to F show overlays of flow cytometry data of FeLV SU-HA supernatants that had been bound to either MDTF-FePit1 cells (panels A, B, and C) or MDTF-FePit2 cells (D, E, and F). Binding was detected using an HA monoclonal antibody. The x axis is fluorescence intensity (log scale), and the y axis is cell number. In panels A-F, the legend below each histogram indicates which FeLV SU-HA was used in the binding assay. In panels A to F, mock represents cells incubated with medium only. In panels A, B, D, and E, 1 ml of cell supernatant was used in the binding experiment. In panels C and F, 1 ml of FeLV-B-90Z VRA and 0.1 ml of FeLV-B-90Z RBD supernatant were used in order to compare more similar levels of protein (see panel G). Panel G is a Western blot that was performed with the supernatants used in the binding assays shown above. Equal amounts of supernatant were used. The sizes of markers (in kilodaltons) are indicated to the left of the blot. The methods used in the immunoprecipitation of the supernatants and Western blot procedure have been described previously (25) .
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FeLV-A SU does not bind to either MDTF-FePit1 or MDTFHuPit1 cells (data not shown).
We could also detect binding of the FeLV-B SUs to MDTFFePit2 cells. However, the binding, as measured by a shift in fluorescence intensity, varied for the different SU proteins. In general, the relative shifts in fluorescence corresponded with the relative infectivity of viruses pseudotyped with these envelope proteins. For example, FeLV-B-90Z and FeLV-B-90Z RBD , which both efficiently infect cells expressing FePit2, bound efficiently to these cells (Fig. 3E) . Consistent with the infectivity data, all of the SUs that bound with the highest efficiency encoded an arginine at position 73 (FeLV-B-90Z, FeLV-B-90Z RBD , and FeLV-B-GA RBD-73Q3R ). In particular, there was better binding with FeLV-B-GA RBD-73Q3R SU than with FeLV-B-GA RBD or FeLV-B-GA SU (Fig. 3D) . This indicates that the residue at position 73 plays a key role in FeLV-B binding to FePit2. However, binding of the chimera encoding the FeLV-B-90Z VRA to cells expressing FePit2 was undetectable using flow cytometry, despite the inclusion of the key arginine at position 73. This may be due in part to the lower levels of FeLV-B-90Z VRA SU present in the supernatant, as shown by Western blot analysis (Fig. 3G ). In addition, the level of infection of MDTF-FePit2 cells with viruses pseudotyped with FeLV-B-90Z VRA was reduced about 20-fold in comparison to FeLV-B-90Z RBD . Because we are able to detect infection but not binding, we presume that the methods used for binding are not as sensitive as infection assays, where single events can be quantified.
GALV can infect cells expressing FePit2. GALV, like FeLV-B-90Z, can infect cells using HuPit1 but not HuPit2 (10, 33) . Because FeLV-B-90Z can use FePit2 as a receptor, we asked whether GALV could also use the feline ortholog of Pit2 as its receptor. Viral particles of FeLV-gag-pol were pseudotyped with the GALV-SEATO envelope (60) and used to infect MDTF-FePit2 cells. The infectivity of GALV was indistinguishable on cells expressing FePit2 and FePit1 (Fig. 4) as well as HuPit1 (data not shown). This was in contrast to the results of exposing GALV to MDTF-HuPit2 cells, which were nonpermissive to GALV infection, as expected. Thus, FePit2 functions as a receptor for GALV.
Virus evolution studies. FeLV-B evolves from FeLV-A by recombination with endogenous FeLV-like sequences, but little is known about the receptor specificity of these evolved variants. As described above, all the FeLV-B variants studied efficiently infect cells using FePit1, but they vary in the efficiency with which they infect cells using FePit2. We previously demonstrated the evolution of FeLV-B variants directly from FeLV-A in feline fibroblast cells transfected with an FeLV-A molecular clone, 61E (36) . To examine whether these recombinant envelopes could recognize FePit2 as a receptor, viruses from five cell cultures transfected with 61E were used to infect MDTF cells expressing FePit2 or FePit1. Four of the viruses established a productive infection in MDTF-FePit1 cells, but we were only able to transfer detectable FeLV to MDTFFePit2 cells from one of five feline fibroblast cultures. We analyzed the sequence of the envelope variants that infected MDTF-FePit2 cells and found that all of the variants were very similar in recombinant structure and sequence, suggesting that they likely represent progeny of the same recombinant virus (Fig. 5) . Interestingly, these viruses encoded enFeLV-like sequences in the N-terminal two thirds of their SU, including the VRA and VRB RBDs as well as sequences encompassing the proline-rich region. The putative recombination junction in the SU coding region of these culture-derived variants is much like the Gardner-Arnstein FeLV-B clone, which was derived from an isolate from a naturally infected cat (13) . The predicted amino acid sequence of this tissue culture-adapted virus differs from that of FeLV-B-GA at seven positions in SU, five of which are found in the FeLV-B-90Z clone (Fig. 5) .
The envelope sequence analyzed above was cloned into an expression plasmid with a CMV promoter 5Ј of the inserted envelope clones. To test the receptor specificity of this clone, we produced virus by cotransfection of 293T cells with an FeLV gag-pol construct and a retroviral vector genome encoding ␤-galactosidase, as described above. We found that the virus expressing the envelope isolated from MDTF-FePit2 cells, FeLV-B-E5.14, could infect cells using either FePit1 or FePit2 (Fig. 6 ). For viruses containing this envelope, infectivity was 20-fold lower in cells expressing FePit2 than in cells expressing FePit1, which is similar to what we observed for the closely related FeLV-B-GA SU. This shows that FeLV-Bs that use FePit2 as a receptor may evolve from FeLV-A. Additional studies in a variety of cell lines will be needed to determine how commonly such variants arise.
DISCUSSION
FeLV-A is the form of the virus that is spread from cat to cat, suggesting that cells expressing the FeLV-A receptor are important in transmission and/or early virus amplification in the host. FeLV-B evolves from FeLV-A in the infected cat by recombination with endogenous FeLV sequences (5, 11, 36, (52) (53) (54) . The structure and sequence of variants that emerge from FeLV-A vary both among natural FeLV-B isolates and in viruses that evolve during replication in feline cells in culture (5, 8, 36, 40, 44, 50, 51) . This raises the question of whether the specific sequence and structure of some of the FeLV-B vari- ants that emerge over the course of infection confer a particular selective advantage for their replication. Here we show that FeLV-B can infect cells using both FePit1 and FePit2 receptors. A specific arginine residue at position 73 appears to play a key role in determining the efficiency with which particular FeLV-B variants infect cells using FePit2. Together these data suggest that cells expressing FePit2 may be target cells for virus replication in the cat.
We found that the FeLV-B-90Z variant, which was obtained directly from a cat infected with FeLV-A, efficiently infected cells expressing either FePit1 or FePit2. In contrast, infection with an independently derived FeLV-B-GA was approximately100-fold lower in cells expressing FePit2 than in cells expressing FePit1. This allowed us to identify domains of FeLV-B SU that are important for FePit2 specificity. The differences in infectivity were determined by a single amino acid difference, arginine versus glutamine, at position 73 within VRA. As was shown previously for infection with HuPit2 (4), VRA is a minimal determinant for FePit2 specificity. However, VRA alone, even if it encodes arginine at position 73, is not sufficient for high-level infection using FePit2. In fact, we could not detect binding by flow cytometry with FeLV-B-90Z VRA despite the ability of virus pseudotyped with this envelope SU to infect cells expressing FePit2. The decreased sensitivity of the binding assay relative to the infection assay is similar to results obtained in studies using an ecotropic MuLV SU in which measurable binding to the cognate receptor was not observed, although infection was detected (1). Thus, the infection assay is a more sensitive method than flow cytometry for detection of envelope-receptor interactions. Sequences in VRB also appear to influence the interactions between FeLV-B-90Z and FePit2, because a virus encoding FeLV-B-90Z sequences from both VRA and VRB (FeLV-B-90Z RBD ) binds and infects cells expressing FePit2 more efficiently than a virus encoding only VRA (FeLV-B-90Z VRA ). These data are qualitatively similar to what we observed for infection using HuPit2 (4). However, our findings suggest that viruses encoding VRA and VRB from FeLV-Bs enter cells using the FePit2 receptor more efficiently than they can enter cells using the HuPit2 receptor.
Previous studies suggested that only some FeLV-Bs can infect cells expressing HuPit2 (4, 38) . While FeLV-B 90Z cannot enter cells expressing HuPit2, a chimera encoding the N-terminal half of 90Z SU and the C-terminal half of FeLV-A SU could (FeLV-B-90Z RBD ). This suggested that sequences in the (55) . In contrast, these Cterminal sequences that distinguish FeLV-B-90Z and FeLV-B-90Z RBD SU did not play a role in determining FePit2 binding and specificity. Thus, it may be possible to define the region of HuPit2 that interacts with the C terminus of SU by examining chimeric feline and human Pit2 receptors. Such studies may provide insights into the domains of SU and the receptor that participate in postbinding stages of entry, such as fusion. In this regard, it is interesting that the C-terminal domain of MuLV SU has sequences that are thought to play a role in fusion activation in a manner that is dependent on their interaction with the N terminus of SU (26) . This would imply that there are complex interactions between the N and C termini of SU and specific receptor residues that lead to fusion-activation and that these may be distinct from those that permit binding. The feline and human Pit2 proteins differ at the amino acid level by 6.3%, with the majority of differences occurring in what is predicted to be a large intracellular domain. One critical difference that may determine the ability of FePit2 to function as an FeLV-B receptor is a glutamic acid in the feline protein that corresponds to a lysine at position 522 in HuPit2. This position, which is predicted to fall in the fourth extracellular loop of the Pit2 protein, has been shown to be a critical determinant for GALV infection (10) . GALV, like FeLV-B-90Z, can infect cells using HuPit1 but not HuPit2 (33, 61) . When the positively charged lysine at position 522 in HuPit2 is replaced by an uncharged amino acid, this protein functions as a receptor for GALV (10) . Moreover, the hamster-derived Pit2 protein can function as a receptor for GALV and for FeLV-B-90Z, and this allele encodes a glutamic acid at position 522 (62) (Fig. 7) . This suggests that either a neutral or negatively charged residue at position 522 may be required for infection by GALV and FeLV-B (10). Indeed, we found that GALV is able to infect cells expressing FePit2 as efficiently as it infects cells expressing either FePit1 or HuPit1 (Fig. 4 and data not  shown) . On the basis of this, we predict that the glutamic acid at position 522 in FePit2 protein plays a critical role in allowing efficient GALV and FeLV-B SU-receptor interactions. As discussed, we have shown that arginine at position 73 in FeLV-B SU plays a critical role in virus entry via FePit2. One model to explain this is that this positively charged residue in SU directly interacts with the negatively charged glutamic acid residue in the receptor. Our data suggest that residues in VRB could act to increase the affinity of the SU-Pit2 binding or provide additional crucial contact residues.
We demonstrated that a recombinant FeLV-B that uses the FePit2 receptor evolved directly from FeLV-A in feline cells in culture. Interestingly, the recombinant that we obtained by this selection was very similar in structure to the natural isolate FeLV-B-GA (32) . This may suggest that there is some selection for viruses bearing this recombinant structure, which derives VRA, VRB, and the proline-rich region from enFeLV sequences. This is consistent with our analyses of chimeric viruses, which suggest that the presence of both VRA and VRB may increase infectivity via FePit2. It is interesting that the crucial arginine at residue 73 was not found in the viruses selected from cell culture. This most likely reflects the fact that all endogenous FeLV sequences examined to date encode a glutamine at this position (22, 27) . Thus, the evolution of a virus that is able to use FePit2 with high efficiency, such as the FeLV-B-90Z variant found in an infected cat, may arise by both recombination and subsequent point mutation during reverse transcription. In this study we examined only two FeLV-B clones from infected cats, one naturally infected and the other experimentally infected with FeLV-A, and one representative FeLV-B clone that arose in cells transfected with FeLV-A; all three used FePit2 as a receptor, but with variable efficiencies. Now that the FePit2 receptor has been cloned, it will be of interest to analyze a larger panel of natural FeLV-B isolates to determine the prevalence of viruses with dual Pit1 and Pit2 receptor specificity in the infected cat.
While both Pit1 and Pit2 are expressed in many tissues, there are clear differences in the level of expression of these two receptors (19, 20) , suggesting that some cell types may express only one or the other of these proteins. Thus, a virus that can enter cells with high efficiency using either receptor would maximize its opportunities for successful propagation and amplification. Moreover, a virus that can use Pit2 as a receptor FIG. 6 . Single-cycle infection assay with FeLV-B-E5.14. The layout for this figure is as described in the legend for Fig. 2A . The x axis indicates the envelope-SU of the virus used in the infection, and the y axis indicates the FFU per milliliter of viral supernatant. Viruses pseudotyped with either FeLV-B-90Z RBD or FeLV-B-E5.14, a representative cloned virus, were used to infect the cells indicated in the right corner of the figure, which shows the corresponding shading used in the bar graph. FIG. 7 . Alignment of a domain of the predicted fourth extracellular loop of known Pit2 receptors. Residues 522 through 530, which constitute a domain called region A, are shown for human (61) , hamster (62) , feline (Fig. 1) , rat (29) , and mouse (49) homologues of Pit2. Conserved residues are indicated with a dot.
can superinfect a cell that was previously infected by a Pit1-specific virus. Thus, FeLV-Bs with dual receptor specificity for Pit1 and Pit2 would be predicted to be favored for amplification and selection in a persistently infected cat.
